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Important influence of respiration on human R-R interval power spectra is largely ignored. J. Appl. Physiol. 75(5): 2310 -2317 ,1993 analyses of R-R intervals are used widely to estimate levels of autonomic neural traffic to the human heart. Because respiration modulates autonomic activity, we determined for nine healthy subjects the influence of breathing frequency and tidal volume on R-R interval power spectra (fast-Fourier transform method). We also surveyed published literature to determine current practices in this burgeoning field of scientific inquiry. Supine subjects breathed at rates of 6, 7.5, 10, 15, 17.1, 20, and 24 breaths/min and with nominal tidal volumes of 1,000 and 1,500 ml. R-R interval power at respiratory and low (0.06-0.14 Hz) frequencies declined significantly as breathing frequency increased. R-R interval power at respiratory frequencies was significantly greater at a tidal volume of 1,500 than 1,000 ml. Neither breathing frequency nor tidal volume influenced average R-R intervals significantly. Our review of studies reporting human R-R interval power spectra showed that 51% of the studies controlled respiratory rate, 11% controlled tidal volume, and 11% controlled both respiratory rate and tidal volume. The major implications of our analyses are that breathing parameters strongly influence low-frequency as well as respiratory frequency R-R interval power spectra and that this influence is largely ignored in published research. heart rate; respiration rate; tidal volume; respiratory sinus arrhythmia FLUCTUATIONSOFR-RINTERVALS orheartratesareused widely as indexes of the level of autonomic traffic to the heart. This usage has its origin in a study published by Katona and Jih (18) , who showed that in anesthetized dogs with constant breathing rates respiration-related peak-valley R-R interval fluctuations (respiratory sinus arrhythmia) are related linearly to absolute vagal firing rates. On the basis of this empirical observation, R-R interval fluctuations have been promoted as faithful noninvasive quantitative estimates of human vagal-cardisc nerve traffic. In recent years, the time-domain method used by Katona and Jih has been supplanted by frequency-domain methods. Some workers consider power spectral density or autoregressive approaches to 2310 be superior to time-domain analyses of R-R intervals because the former approaches exclude random fluctuations and may provide quantitative information on the level of sympathetic-as well as vagal-cardiac neural outflow (27) .
Several studies have sh own that respirato ry rate and tidal volume exert major influ .ences on R-R interval or heart rate fluctuations (8, 16, 21, 37) . This genre of research is important because if fluctuations of R-R intervals are to be taken as valid noninvasive indexes of autonomic neural traffic, then they should reflect such traffic faithfully and should not be influenced importantly by respiratory-autonomic interactions unrelated to net neural outflow. Our study had two goals. First, we determined the effects of different voluntarily controlled respiratory rates and tidal volumes on R-R in terval power spectra. Second, we surveyed published literature to learn how workers in this field have dealt with the potential influence of respiration on these measurements. Our results show that respiration exerts a strong influence on low-frequency as well as respiratory frequency R-R interval power spectra and that this influence is largely ignored in published research.
signal at rates of 6, 7.5, 10, 15, 17.1, 20 , and 24 breaths/ min. They controlled their tidal volumes at nominal levels of 1,000 and 1,500 ml according to signals displayed on a calibrated oscilloscope. Subjects wore a face mask connected to the pneumotachograph or transit-time ultrasonic breath analyzer and a three-way respiratory valve (Ewald Koegel, San Antonio, TX, for the retrospective study and Hans Rudolph, Kansas City, MO, for the prospective study).
Experimental protocol. Initial measurements were obtained at the lowest ventilation rate, 6 breaths/min with a tidal volume of 1,000 ml. The end-tidal CO, concentration measured at this level of ventilation was maintained at all other breathing frequencies and tidal volumes by addition of CO, to the breathing line. The remaining respiratory intervals at the two tidal volumes were used in random sequence. Data for each respiratory rate and tidal volume were recorded during one continuous 128-s period. Breathing was not controlled between data collection periods.
Data analyses. Electrocardiograms and tidal volumes were digitized (CODAS, Dataq Instruments, Akron, OH) with a Compaq 386/25 microcomputer. Power spectral analyses were derived from R-R interval time series with a custom program developed for use with a software package (DADiSP, DSP Development, Cambridge, MA). The technique used for estimation of R-R interval power was based on the Welch algorithm of averaging periodograms (42), which was implemented according to the method of Rabiner et al. (31) . A 128-s time series of beatto-beat R-R intervals was fitted to a cubic spline function, interpolated at 8 Hz to obtain equidistant time intervals, and divided into seven equal overlapping segments. Each segment was in turn detrended, Hanning filtered, and fast-Fourier transformed to its frequency representation. The modified periodograms were averaged to produce the spectrum estimate. The method we used yielded a frequency resolution of 0.0078 Hz and a flat response over the frequencies of interest.
We measured total absolute R-R interval power at low and respiratory frequencies over fixed frequency ranges. We determined the respiratory frequency power bandwidth as follows: 1) power spectral analyses were performed on each respiratory signal, 2) the respiratory bandwidths were determined (95% of peak respiratory power), and 3) the average bandwidth at each respiratory frequency was calculated (all were 0.08 Hz). The 0.08-Hz bandwidth derived from analysis of respiration was used to integrate R-R intervals. (Thus, R-R interval spectral power was integrated at frequencies to.04 Hz and centered on each respiratory frequency.) A fixed bandwidth, centered at 0.1 Hz (0.06-0.14 Hz), was also used for lowfrequency spectral area calculations. ' We calculated gain-frequency responses to construct Bode plots as ' In this article, we use the term respiratory frequency to signify R-R interval power at respiratory rates and low frequency to signify power between 0.06 and 0.14 Hz. The 0.06-to 0.14-Hz range was chosen to encompass R-R interval frequencies that are considered to reflect sympathetic outflow (24). Resting humans also have R-R interval spectral power at lower frequencies (~0.06 Hz), which are thought to reflect thermoregulatory oscillations (20). We did not evaluate the lowest portion of each subject's power spectra. 20 log( output /input). Inpu t was the tidal volume in liters, and output was the total absol .ute power of the respiratory frequency or low-frequency portion of the R-R interval power spectrum.
We evaluated data for normality with the Kolmogorov-Smirnov test (22). We made statistical comparisons on normally distributed data with repeated-measures analysis of variance to test for significant individual differences among mean integrated R-R interval power at different respiratory rates and tidal volumes. Then we used Scheffe's test to identify significantly different means. We considered differences significant when P 5 0.05. Two-tailed tests were used.
Literature reuiew. We searched the National Library of Medicine Medline data base for all references between 1966 and the first quarter of 1991 to "power spectra" or "power spectrum" and "heart rate" or "R-R interval" in humans. We examined the articles identified by this search, references cited in those articles, and other references known to us to determine how often respiratory rate a .nd tidal volume were mea sured and controlled.2 Then we searched the Science Citation Index (Institute for Scientific Information, Philadelphia, PA) to determine how many times each of these references was cited from 1974 to 1991. We report results from the most influential articles, those cited 210 times, individually.
RESULTS
Experimental data. Figure 1 depicts the digitized electrocardiogram, tidal volume, and R-R interval signals from one subject during breathing at respiratory rate of 6,15, or 24 breaths/min and at a nominal tidal volume of 1,000 ml. The rhythmic R-R interval changes during controlled breathing in this subject were similar to those observed in other subjects. In this subject, R-R interval variability decreased as breathing frequency increased; at the slowest breathing rate, maximum R-R intervals were longer and minimum R-R intervals were shorter than at the two fastest breathing rates.
Subjects maintained average respiratory rates within 0.3% of targeted levels and tidal volumes at -7% below targeted levels. End-tidal CO, concentrations were similar (P > 0.05) at all breathing frequencies and tidal volumes and ranged between 4.7 and 6%. In all subjects, end-tidal CO, was maintained within 0.25% of targeted levels. Figure 2 shows average R-R intervals at all breathing rates and both tidal volumes. There were no statistically significant differences among mean R-R intervals (which ranged between 0.905 and 1.039 s) at different respiratory rates and tidal volumes. All data were normally distributed. volume of 1,000 ml. At each breathing interval, R-R in-17%; range, 4-33s; P < 0.05). There was a highly signifiterval power spectra were concentrated at the breathing cant linear correlation between R-R interval power at frequency. Spectral power declined precipitously when respiratory frequencies and R-R interval standard deviathe respiratory rate was increased from 10 to 15 tions (r = 0.87 at 1,000 ml and 0.93 at 1,500 ml).
breaths/min. Power at low frequencies ( Fig. 4C ) also declined signifi- Figure 4 depicts average integrated respiratory frequency and low-frequency R-R interval power and gain. Power at the respiratory frequency ( Fig. 4A) cantly as respiratory rate increased (P < 0.001). Increases of low-frequency power at rates of 510 breaths/ min resulted from overlap of respiratory frequency and low-frequency bands (Fig. 3) . Low-frequency power at the two tidal volumes was similar (P > 0.05).
The gain-frequency response (Bode plot) of the respiratory frequency component of R-R interval power spectra documented significantly decreasing system gain with increasing respiratory rate (P < 0.001; Fig. 4B) . A nonlinear segmented model fit (SAS Institute, Cary, NC) analysis suggested that the gain-respiratory rate response relationship was best described by a plateau region between 6 and 10 breaths/min (0.10-0.17 Hz) for both tidal volumes. The plateau region was succeeded by roll-offs of 10.6 dB/decade for the l,OOO-ml tidal volume and 14.7 dB/decade for the 1,500-ml tidal volume. Gain of respiratory frequency R-R interval power spectra at the lowest breathing frequencies (6-10 breaths/min) was significantly greater than that at all other breathing frequencies (15-24 breaths/min) for both tidal volumes (P < 0.05). Respiratory frequency system gain was significantly greater at tidal volumes of 1,500 than 1,000 ml (by an average of 7%; range, 4-13%; P < 0.001).
The gain-frequency response of the low-frequency component of the R-R interval power spectra also documented significantly decreasing system gain with increasing respiratory rate (P < 0.001; Fig. 40 ). Gain of low-frequency R-R interval power spectra at the two lowest breathing frequencies (6 and 7.5 breaths/min) was significantly greater than that at the highest breathing frequencies (lo-24 breathsimin) for both tidal volumes (P < 0.001). Gain at 10 breaths/min also was significantly greater than that at higher breathing frequencies (15-24 breaths/min; P < 0.05). Low-frequency system FIG. 4 . Effects of respiratory rate on R-R interval power spectra at nominal tidal volumes of 1,000 and 1,500 ml. Data are means + SE. A: respiratory frequency power significantly declined as respiratory rate increased (P < 0.001). Power was greater at tidal volumes of 1,500 than 1,000 ml (P < 0.05). B: respiratory frequency gain also significantly declined with increasing respiratory rate (P < 0.001). * There was significant reduction in gain from lower (6-10 breathsimin) to higher breathing rates (15 24 breaths/min; P < 0.05). Gain was significantly higher (P < 0.001) at 1,500-than l,OOO- gains at the two tidal volumes were nearly identical (P > 0.05). Literature review. Our medical literature search identified 147 articles that reported use of R-R interval or heart rate power spectral analysis in humans.3 Table 1 summarizes these articles. Respiratory rate and tidal volume were controlled in only 11% of studies in which control was possible. Our Science Citation Index search indicated that 23 of the 147 articles were cited 210 times. Table 2 summarizes these articles. There were 133 citations of the article by Pagani et al. (27) and 233 citations of the remaining articles. Four articles (6, 19, 29, 33) dealt with methods and modeling and so were excluded. Thirteen of the remaining 19 articles (68.4%) included measurements of respiratory rate. Three articles (4, 25, 34) involved ambulatory subjects and thus were excluded. Four of the remaining 16 studies (25%) included measurements of tidal volume. Control of respiratory rate and tidal volume was impossible for studies that involved ambulatory subjects and infants and for those that involved psychological treatments. Of the remaining eight studies in which respiratory rate and tidal volume could have been controlled, respiratory rate was controlled in six (75%) and tidal volume was controlled in one (12.5%).
DISCUSSION
We studied the influence of respiratory rate and tidal volume on human R-R interval power spectra and sur- frequency at 0.11 Hz, and a linear roll-off of 21 dB/decade. They also showed that peak-valley R-R interval veyed the medical literature to learn how scientists who changes and the steepness of the roll-off portion are diemploy power spectral analyses in their research have rectly proportional to tidal volume. Our more limited dealt with respiration. We reached three major conclu-data (Fig. 4B) are concordant with the last observation.
sions. First, respiratory rate and tidal volume strongly Hirsch and Bishop did not indicate if the relationship influence low-frequency as well as respiratory frequency between tidal volume and respiratory R-R interval R-R interval power. Second, because the breathing pa-changes was statistically significant. However, their Fig.  rameters we studied did not alter average R-R intervals, 4 [and data published by Eckoldt and Schubert (lo)] sugvariations of respiration distribute autonomic outflow gests that tidal volume may be an important determinant within the respiratory cycle but do not alter net levels of of such changes: in one subject, sixfold increases of tidal autonomic traffic. Thus, vagal activity during the various volume led to approximately threefold increases of slowphases of the respiratory cycle varied considerably, whereas the overall tonic level remained constant. Third, most of the scientists who performed frequency-domain R-R interval analyses neither controlled nor accounted for the strong influence of respiration on their results.
Respiratory influences on R-R interval power spectra at respiratory frequencies. Breathing rates of -10 breaths/ min or less yielded maximum R-R interval power. Breathing rates of >lO breaths/min yielded reduced levels of R-R interval power in an inverse relationship to breathing rate (Figs. 3 and 4, A and B) . However, over the range we studied, breathing rate did not significantly alter average R-R intervals (Fig. 2) . Our study effectively doubles the published literature on R-R interval power spectra in subjects who breathed at multiple experimentally controlled breathing rates and tidal aware of only 0 ne similar article (37). volumes; we are Selman et al. (37) , in an excellent but rarely cited study, obtained results that differed from ours qualitatively and quantitatively. First, they found an inverse relationship between tidal volume and system gain. We found a direct relationship (Fig. 4B) . Second, they obtained a Bode plot described by a distinct "M shape" breath peak-valley R-R interval intercepts.
Saul et al. (35), who used frequency-domain methods similar to ours but a broad-band respiratory frequency input, also documented a critical dependence of R-R interval power spectra on breathing-rate. Although the 
such that system gains were much higher at breathing shapes of the transfer function of Saul et al. and our Bode plot are similar, there may be quantitative differences. We found (Fig. 4B ) that the plateau height and the roll-off slope are influenced significantly by tidal volume. In the study of Saul et al., tidal volumes and respiratory rates covaried; therefore, the separate influence of tidal volume on the height of the plateau and the slope of the roll-off could not be determined.
Respiratory influences on R-R interval power spectra at low frequencies. A major rationale for study of low-frequency R-R interval fluctuations is that they reflect levels of sympathetic traffic to the heart. Although sympathetic nerve traffic also fluctuates at respiratory frequencies (9, 30), R-R interval responses to such rapid changes of sympathetic activity are small because of the sluggishness of adrenergically mediated sinus node responses. Our results (Fig. 4, C and D) indicate that slow breathing provokes major increases of low-frequency (0.06-0.14 Hz) R-R interval power. In literature involving R-R interval (or heart rate) power spectra, the terms respiratory frequency and high frequency are used interchangeably. Surprisingly, this literature does not anticipate that during periods of slow breathing respiratory frequency and low frequency overlap. Obviously, as breathing rate slows, the possibility that fluctuations of sympathetic nerve traffic contribute to respiratory frequency R-R interval changes increases (however, probably not as a step function). Under such circumstances, the view that changes of sympathetic outflow do not contribute to respiratory frequency power becomes increasingly untenable. It is highly unlikely that the greatly augmented low-frequency R-R interval power we recorded at slow breathing rates (Figs. 3 and 4C ) reflects increased sympathetic neural outflow. Seals et al. (36) found that, although rapid breathing redistributes directly measured human (muscle, not cardiac) sympathetic nerve activity within the various phases of the respiratory cycle, it does not alter the net tonic level of sympathetic outflow within the overall cycle.
R-R interval power spectra as noninvasive indexes of vagal-cardiac nerve traffic. Kollai and Mizsei (21) argued persuasively that respiratory rate and tidal volume should be factored into estimates of human vagal-cardiac nerve traffic. They compared peak-valley R-R interval changes during uncontrolled breathing and R-R interval shortening provoked by large-dose intravenous atropine (the current "gold standard" for quantification of resting vagal-cardiac nerve traffic in humans). They found a weak but significant (r = 0.61) linear correlation between peak-valley R-R intervals and atropine-induced R-R interval shortening. However, they also found that when respiratory interval and tidal volume were factoredin as coregressors this correlation was much stronger (r = 0.93).
Our study raises new questions about the validity of R-R interval power spectra as quantitative indexes of vagal-cardiac neural traffic within individual subjects. Our data suggest that even with explicit knowledge (and control) of respiration, respiratory sinus arrhythmia may not reflect tonic vagal-cardiac neural traffic. Our subjects varied the magnitude of their respiratory frequency R-R interval power -IO-fold simply by changing their breathing rates (Fig. 3) . Despite huge changes of R-R interval power, however, there were only trivial changes of mean R-R intervals (Fig. 2) . This observation is related to one made by Grossman et al. (14) , who found that in ,&blocked subjects respiration-induced changes of peak-valley R-R intervals were not associated with changes of mean R-R intervals. We suggest that within subjects different breathing frequencies and depths distribute vagal firing within the respiratory cycle but do not alter the net level of vagal outflow.
Literature review. We identified and reviewed 147 articles that reported measurements of human R-R interval (or heart rate) power spectra to determine the prevailing practices of workers in this field. Only about one-half of the studies involved measurement of breathing rate and only about one-third involved control of breathing rate. We also determined the number of times each of the 147 articles had been cited to identify the most influential studies in this field. Authors of the most heavily cited studies (Table 2) were more likely to recognize the importance of measurement and control of respiratory rate than those of less cited studies. However, very few (only 11%) of the studies involved control of tidal volume. Pagani et al. (27) , authors of the most heavily cited article in this field, discount the importance of control of respiration for frequency-domain analyses of R-R intervals. They argue that voluntary control of breathing increases power at respiratory frequencies (and net vagal outflow) and decreases power at low frequencies. This conclusion was based on a comparison of R-R interval power (as delimited by an autoregressive algorithm) at respiratory frequencies during spontaneous breathing (at an average rate of 14.4 breaths/min) and during controlled breathing (at an average rate of 19.8 breaths/ min). The approach of Pagani et al. may have been flawed by their comparison of R-R interval power spectra at different breathing rates. However, two other groups compared respiration-related R-R interval fluctuations during controlled and spontaneous breathing at the same breathing rates and concluded that voluntary control of breathing does not alter R-R interval fluctuations. Hirsch and Bishop (16) found that the plateau frequency intercept in 17 subjects was similar during controlled and spontaneous breathing. Eckberg et al. (9) found that respiration-related R-R interval fluctuations (and muscle sympathetic nerve traffic) in eight subjects were nearly superimposable during controlled and spontaneous breathing.
Potential limitations. First, use of fast-Fourier transform methods for power spectral analysis requires that signals be stationary.
The mathematical concept of stationarity may not be applicable to the highly variable signals that can be obtained from conscious human volunteers, and we did not test our data for stationarity. However, our subjects maintained exquisite control of breathing frequency during data collection periods. Moreover, our results (Fig. 4) are very similar to those of Hirsch and Bishop (16) , who used time-domain methods. Second, in our analysis, actual tidal volumes used by our subjects (-930 and 1,400 ml) were larger than the average tidal volumes studied by others. However, Bendixen et al. (3) showed that almost one-half of the healthy women they studied had resting tidal volumes as high as the smaller tidal volume we used.
RESPIRATORY MODULATION OF AUTONOMIC OUTFLOW
Implications of this study. Frequency-domain analyses of R-R intervals represent sophisticated attempts to estimate, noninvasively, levels of efferent autonomic neural traffic to the human heart. Our analysis shows that respiration influences both respiratory frequency and low-frequency R-R interval power spectra. We propose that, since the influence of respiration is so strong and pervasive, interpretation of R-R interval power spectra must be grounded on understanding of the respiratory patterns that shaped them.
It may be inappropriate to use R-R interval power spectra obtained during brief recording sessions to gauge levels of efferent autonomic neural traffic if breathing rate and tidal volume are neither measured nor controlled. During brief recording sessions, breathing patterns of healthy subjects are highly variable (5,39), and a substantial percentage of breaths may occur at frequencies <9 and >20 breaths/min (15) . Although the majority of healthy supine young subjects have respiratory power in the roll-off region, where small changes of breathing rate are likely to provoke large changes of respiratory frequency R-R interval power, some of the subjects have substantial respiratory power in the plateau region (40 breaths/min; J. A. Taylor, T. E. Brown, and D. L. Eckberg, unpublished data), where breathing rate is likely to sharply augment low-frequency R-R interval power.
In conclusion, we studied the effects of respiratory rate and tidal volume on R-R interval power spectra. Our results indicate that respiratory parameters strongly influence both low-frequency and respiratory frequency R-R interval power spectra. The major implication of these results is that respiration must be controlled if R-R interval power spectra are to be interpretable.
Our survey of published articles in this field shows that the great majority do not meet this minimum condition.
NOTE ADDED IN PROOF
We call attention to the article by Novak et al. (%a) that was published while our study was in press. Novak et al. plotted Wigner distributions of R-R intervals, tidal volumes, and systolic and diastolic pressures during continuously varying periods of slow to rapid breathing. Although the subjects in this study did not control their tidal volumes, their R-R interval Wigner distributions bear a striking similarity to the average data we depict in Fig. 3 . 
